The electrical conductivity of hot-pressed polycrystalline aluminium nitride doped with oxygen and beryllium was measured as a function of temperature from 800 to 1200°C and over a range of nitrogen partial pressure from 102 to 105 Pa. The effect of beryllium dopant, the independence of conductivity from nitrogen partial pressure, and the observed activation energy suggested extrinsic electronic species or aluminium vacancies as charge carriers. Polarization measurements made with one electrode blocking to ionic species indicated that the aluminium nitride with oxygen impurity was an extrinsic electronic conductor.
Introduction
Aluminium nitride has both existing and possible applications in moderate and in high temperature environments. At moderate temperatures, aluminium nitride is used in surface acoustic wave delay line devices because of its piezoelectric properties and high acoustic velocity [1] . Because of the high thermal conductivity reported by Slack [2] and the low electrical conductivity at moderate temperature, aluminium nitride is considered potentially an excellent electronic substrate material. Also, thin layers have been used as diffusion masks and dielectric layers [3] . Successful high-temperature experiments with aluminium nitride as a chemical potential sensor have been reported by Fischer and Schuh [4] and Fischer et al. [5] . However, others have attempted this application [6, 7] but concluded that aluminium nitride conducts primarily by electronic species at high temperature and is, therefore, unsuitable.
The aluminium nitride studied in this investigation was in two chemical conditions -oxygen-containing and beryllium-and-oxygen-containing. The hot-pressed, polycrystalline nitride was at oxygen saturation with respect to the Al(8/3+x/3)O(4_x)N ~ spinel in both cases [8] . The solubility of beryllium nitride in aluminium nitride has been measured by Schneider et al. [9] . The beryllium-containing material was investigated to observe the effect of an aliovalent cation in solution. The effect of the beryllium should yield information about defect structure and dominant carrier species.
Electrical conductivity was measured by the fourpole d.c. method [10] as a function of nitrogen partial pressure and temperature for both sample conditions. As the conductivity was independent of nitrogen partial pressure and previous investigators had made attempts at e.m.f, measurements [4] [5] [6] [7] , a polarization experiment was devised to test for ionic conduction.
Experimental method

Sample preparation
The aluminium nitride material employed in this investigation contained oxygen as an impurity. A survey of commercially available aluminium nitride powders indicated that even the purest contain more than 0.1% oxygen. Also, two separate investigations have reported that aluminium nitride powders without some oxygen impurity will not densify even under high pressure [11, 12] . Slack and McNelly [13] reported some success in growing single crystals of aluminium nitride as large as 2cm long. These single crystals had oxygen contents as low as 500p.p.m. The aluminium nitride which was the subject of this investigation was saturated with oxygen with respect to the Al(8/3+x/3)O(4_x)N x spinel. Using the correlation of Lejus [14] the value of x for the spinel phase is estimated to be 0.50 from the lattice parameter. For comparison, it is noted that McCauley and Corbin [8] found x = 0.77 at A1N saturation in the temperature range 1750 to 1850°C.
The samples were hot-pressed in a graphite resistance furnace using a boron-nitride-coated graphite die at 1850 ° C, under 19.6 MPa pressure for 3 h as detailed by Richards [15] .
Conductivity measurements
The four-pole specimen hot-pressed from CERAC powder (CERAC Inc., Milwaukee, Wisconsin) was heat-treated for 24h at 50°C above the maximum test temperature while buried in aluminium nitride powder in a carbon resistance furnace. The berylliumcontaining specimen was heat-treated while buried under aluminium nitride powder in a flowing nitrogen-1% hydrogen atmosphere for 48h at 1573K. However, this sample required four weeks additional holding time at temperature in the sample holder under a nitrogen-hydrogen atmosphere to obtain reproducible results. The samples were characterized by X-ray 
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A diffraction before and after the conductivity measurements. Bulk density was measured by an Archimedes method using suspended weights of lacquer-coated specimens in air and water. Four-probe conductivity measurements were performed as described by Blumenthal and Seitz [10] and Rapp and Shores [16] using samples of rectangular cross-section. The current was applied from a current source, monitored with a Keithly model 191 digital multimeter with a 1901 current shunt. Voltage across the gauge section was measured with a Keithley model 610C electrometer. The leads and reaction tube were shielded.
A controlled atmosphere was provided with nitrogen-hydrogen-argon mixtures. Nitrogen partial pressures of 1.01 x 102 to 1.01 x 10SPa were used in mixes containing 1% hydrogen. A temperature range of 800 to 1200°C was investigated. Temperature increases were made stepwise followed by periods of equilibration until results were reproducible. Temperature decreases were made in small increments, varying rates of decrease from 8 to 70°Ch i to observe any effects of "frozen-in" defect structure.
Polarization measurements
Polarization measurements were made on a sample from the same pressing as the aluminium nitride [17] , was applied except that a guard ring was used around the reversible electrode and the reversible electrode involved a gas phase and an electronic conductor instead of a two-phase solid. The apparatus was verified using a calcia-stabilized zirconia sample and an oxygen-containing gas. The electrodes and the sample holder for this polarization experiment are shown in Fig. 1 . In the oxide cell the reversible electrode was the anode, in the aluminium nitride cell, the reversible electrode was the cathode.
Experimental details
The samples were hot pressed from powders for which transition metal analyses were specified by the supplier (CERAC Inc.) as less than 0.05% iron and 0.005% copper. Chemical analysis for carbon and oxygen were performed by Leco Corporation, St Joseph, Michigan, by combustion methods. The results of these analyses are shown in Table I . 
I 9
Figure 2 Four-pole conductivity results for aluminium nitride sample 4POI at various nitrogen partial pressures. For clarity, the points shown are the average of nine datum points at the same temperature and nitrogen partial pressures. However, the regression correlations were run on the full data set including all points to give the lines shown in the figure. PY2 = (x, ) 1.014 x 102Pa, (0,--) 1.014 x 103pa, (Lx .... )
1.014 x 104Pa, (121,---) 1.014 x 10Spa. t Õ X-ray diffraction results indicated that the aluminium oxygen-nitrogen spinel was present as a minor second phase both before and after conductivity measurement. The beryllium-doped specimen had both the spinel and either Be3N2 or BeO as second phases. Schneider et al. [9] showed that up to 1.5 mol % Be3N2 is soluble in A1N with lattice parameter, a, decreasing to 0.310nm from 0.312nm for pure A1N; similarly, the measured lattice parameter, a, for the berylliumdoped wurtzite structure A1N in this study was 0.309nm compared to 0.314nm for A1N with only oxygen impurity. This indicates Be3N 2 in solid solution in the A1N as found by Schneider et al. It is also notable that the aluminium nitride powder diffraction pattern conformed to the wurtzite structure [18] and the polytypes reported by McCauley and Corbin [8] were not observed. Another feature of the X-ray diffraction results was that despite the large duration at temperature for testing, the eutectoid decomposition of the spinel reported by Lejus [14] was not observed. The aluminium nitride for the polarization sample was i'rom the same pressing as sample 4PO1. The cubic zirconia electrolyte used to verify the polarization apparatus was 7.5 wt % calcia impervious cubic zirconia from Corning Glass Works, Ohio.
Experimental results
Conductivity results
The conductivity results are shown in the plots of log conductivity against inverse temperature (Figs 2  and 3 ). Fig. 2 represents the aluminium nitride with oxygen impurity, Fig. 3 shows the effect of the beryllium addition. The lines were fit using least squares regression correlation. The results in terms of constants, coefficients and activation energies are summarized in Table II . The lines which were fitted are plotted along with the conductivity results of other investigators [6, 7, 19] in Fig. 4 . The results for aluminium nitride with oxygen impurity agree well with those of Frances and Worrell [6] and Fischer and Schuh [19] and show little or no dependence on nitrogen partial pressure between 102 and 105 Pa. This independence makes it reasonable to presume one mechanism for conduction over the partial pressure range studied, so that an activation energy of 1.42 x 105_+ 1 x 103jmol -j can be determined from a linear regression correlation on all of the data from sample 4PO1.
Polarization results
The results of the polarization measurements take two forms:
1. The steady state voltage and current density which are fitted to mathematical expressions for current density with a blocking electrode (cf. Richards [15] and Patterson et al. [17] ).
2. The voltage-time behaviour at constant current for zero initial current.
Typical voltage-time behaviour for the cell:
Pt/O2, Ar II (CaO)ZrO2 II Au, Pt is shown in Fig. 5 . In that figure, we see the approach to steady state behaviour which is typical of an ionic conductor with an electrode blocking ionic species. where u = EF/RT where e is applied voltage, F is Faraday's constant, R is the gas constant and T is absolute temperature. I r is current density and L is sample thickness. A linear curve fit yields values of a °, and ~0., partial conductivities of electrons and holes, respectively, for one set of conditions of temperature and nitrogen partial pressure. The resulting partial conductivities for electrons and holes are shown in Fig. 6 , along with the total conductivities measured by the 4-pole procedure described above. It should be noted that there was some scatter in the high temperature measurements because of temperature control difficulties.
Discussion
Conductivity results
The conductivity which was measured is not likely to be intrinsic because the activation energy is much lower than would be calculated from the 419 kJ mol-l "band gap" for pure A1N [20] or the 460kJmol -~ estimate of Schottky defect formation enthalpies from the Barr-Lidiard correlation [25] .
Because the conductivity did not depend on nitrogen partial pressure, the presence of the oxygen impurity suggested that the carrier species could be extrinsic aluminium vacancies or electronic species. 
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Fischer and Schuh [21] found that the sign of the thermoelectric effect indicated a negative relative charge of the carrier species in aluminium nitride with oxygen as the primary impurity. Either vacancies or electronic species can be formed by the solution of the Al(8/3+x/3)O(4_~)N ~ spinel into the aluminium nitride as follows (2) with a donor reaction, to produce electrons
In either of the above cases, examination of the elec- 
Activation energies and literature data can be used to argue for both extrinsic ionic and electronic species. The activation energy for conduction calculated from the temperature dependence of conductivity in this study is 154 kJ mol -~ . This is reasonable as an activation energy for diffusion of extrinsic aluminium vacancies when compared to larger foreign cation species, such as those reported by Lamparter et al. [22] : 280 kJ mol-J for vanadium, 271 kJ mol I for titanium and 377 kJ mol-~ for niobium. For the electronic species viewpoint, a "gap energy" was measured for aluminium nitride with oxygen impurity of 387kJmol -x using optical methods [20, 23] . If this energy is considered as (Eg -Ea) , half of it is not too much greater than the observed activation energy of conduction. Aluminium vacancies as the charge carrier would agree with one interpretation of measurements made by Fischer et al. [5] in which a cell including oxidecoated aluminium nitride gave e.m.f.s corresponding to aluminium potential. However, as indicated above, others [6] , who took some precaution against developing a substantial surface oxidation layer, found no e.m.f.s and concluded that conduction was electronic.
In order to resolve this difference, the polarization measurement was designed assuming aluminium vacancies as the dominant ionic carrier.
Polarization results
In polarization measurements on an ionic conductor with one blocking electrode, the resistivity is initially observed to increase with time, finally reaching a steady state, as with the calcia-stabilized zirconia in this study [24] . The rise time should be longer for aluminium nitride considering its lower conductivity and should be readily observable on the time scale of these measurements. This initial rise in resistance with time was not observed in the measurements on aluminium nitride. The partial electronic conductivities were determined by fitting the steady state values of voltage and current density to the model for cation vacancy defect species. The values thus determined are within an order of magnitude of the total conductivity measured by the four-probe technique. The difference between partial electronic conductivity as measured by the polarization method and the total conductivity as measured by the four-probe method may be due to contact resistances being present in the polarization measurement which were eliminated by the fourprobe method.
Therefore, aluminium nitride with oxygen impurity / .
seems to be either an electronic conductor or a mixed conductor with an electronic transference number greater than one-tenth. Lack of time dependence of the resistivity during polarization argues for dominant electronic conduction. A donor reaction like that shown in Equation 3 is suggested, where either the oxygen impurity or a compensating defect is the donor.
Conclusions
The conductivity of oxygen-containing polycrystalline aluminium nitride was observed to be independent of nitrogen partial pressure from 105 to 102Pa in the temperature range from 800 to 1200 ° C. Beryllium was found to substantially decrease conductivity. Applying defect chemistry to the analysis and examining the activation energies involved, it was concluded that the carriers were extrinsic electrons or aluminium vacancies. Polarization measurements showed that the predominant carriers were electronic species. A donor reaction involving the oxygen impurity or a compensating defect is suggested as the mechanism of charge carrier generation.
